The structure and energy of grain boundaries (GBs) are essential for predicting the properties of polycrystalline materials. In this work, we use highthroughput density functional theory calculations workflow to construct the Grain Boundary Database (GBDB), the largest database of DFT-computed grain boundary properties to date. The database currently encompasses 327
Introduction
The majority of engineering materials are polycrystals, comprising a large number of grains whose interfaces form grain boundaries (GBs). The GB character distribution (GBCD) [1] , i.e., the type and frequency of GBs present, strongly affects a material's mechanical properties [2, 3] such as hardness [4] , brittleness [5, 6] , creep-strength [7] , corrosion resistance [8] , fatigue strength [9] , and weldability [10] . For instance, intergranular fracture is the primary origin of severe brittleness and fatigue failure, and GBs are the preferential sites for the nucleation and propagation of fatigue cracks [5, 11] . Manipulating the GBCD through various processing techniques is a common pathway to improving the mechanical properties of structural metals and alloys. [5, 9, 12, 13, 14] .
The GBCD of a material is related to the relative GB formation energies [15] .
Typically, the lower the formation energy for a particular type of GB (otherwise simply known as the GB energy or γ GB ), the greater its prevalence in the polycrystal [16, 6] . A variety of experimental techniques (e.g., thermal groove, orientation imaging microscopy) have been applied to investigate γ GB , but the data sets were limited due to the difficulty of measuring accurate γ GB [17, 18, 19, 20, 21, 22, 23] . Recently Rohrer et al. have developed a high-throughput (HT) experimental method to measure γ GB for large ensembles of GBs by inversely correlating it with the statistical abundance of GB types present in the polycrystal [15, 24, 25] . This method has been applied to fcc Ni [26] , Ni-based alloys [15] , W thin film [27] , ferrite (mainly bcc Fe) [28] , austenitic steel (mainly fcc Fe) [29] and hcp Ti [30] . Such HT studies have significantly increased the available experimental data for γ GB [16, 26] .
However, this statistical approach suffers from a strong dependence of the uncertainty in the measured γ GB on the frequency of observed GBs, leading to unreliable measurements for GBs of lower frequency. Furthermore, the method yields relative, rather than absolute, γ GB .
Computationally, there have been many investigations of γ GB using both empirical and first principles methods. Studies using empirical interatomic potentials (IAPs) such as the embedded atom method (EAM) [31, 32, 33] and Lennard-Jones [31, 32] potentials are typically limited to a few elemental systems belonging to a specific crystal prototype (e.g., fcc or bcc), but cover a broad range of GB types [34, 35, 36, 37, 38, 39] . The reason is because the fitting of sufficiently accurate IAPs is a relatively complex and resourceintensive process, but once fitted, it is inexpensive to use the IAP to compute many GB structures comprising thousands or even millions of atoms. For instance, Olmsted et al. [36] , Holm et al. [37, 40] have calculated γ GB for 388 distinct GBs of fcc Ni, Al, Au, and Cu using EAM and found that GB energies in different elements are strongly correlated. For bcc metals, Ratanaphan et al. [39] have computed the energies of 408 distinct GBs in bcc Fe and Mo ranging from Σ3 to Σ323. Their results show that GB energies are influenced more by GB plane orientation than by lattice misorientation or lattice coincidence.
With computing advances, calculations of γ GB using accurate, but expensive first-principles methods such as density functional theory (DFT) have become increasingly common. In contrast to IAP-based studies, DFT studies tend to be broader in chemical scope but narrow in the range of GB structures studied (typically limited to low Σ GB models of hundreds of atoms). This is due to the good transferability, but high computational expense, of first principles methods. For example, Scheiber et al. [41] have computed 14 types of GBs for W, Mo and Fe using DFT, while Wang et al. [42] have calculated 11 types of low sigma (Σ < 13) symmetrical tilt GBs and 2 twist GBs for bcc Fe. Bean and McKenna [43] have also used DFT calculations to verify a small subset of symmetric tilt GB structures acquired from EAM calculations in Cu and Ni systems.
In this work, we report the development of the Grain Boundary DataBase (GBDB), a comprehensive database for GB properties (γ GB , work of separation W sep ) for a broad range of low-index GB structures (tilt and twist) for fcc, bcc, and hcp elemental metals using high-throughput DFT calculations. At the time of writing, this GBDB contains data on 327 GB structures for 58 elements, with more GB types and elements continually being added. This GBDB has been made available via the Materials Project and its Application Programming Interface [44, 45] , together with a user-friendly web application called Crystal Toolkit for the generation of GB structures. A critical enabler to the construction of the GBDB is an innovative lattice scaling approach, which substantially lowers the computational effort in performing GB calculations for similar crystal types across different elements. Finally, we rigorously validate the GBDB against prior experimental and computed data, and using this large dataset, develop an efficient model for predicting γ GB for different elements. Figure 1 shows the schematic of the GB model generation algorithm, which is based on the coincident-site lattice (CSL) method [46] . For two grains misoriented by a rotation angle about a rotation axis, the superposition of the two crystals result in coincident sites forming a sublattice of the two crystal lattices, i.e., a CSL. An important parameter characterizing the CSL is the Σ value, defined as the ratio of the unit cell volume of the CSL to the volume of the generating bulk cell. A grain boundary can be completely and unambiguously described by five macroscopic degrees of freedom (DOFs) [47] , e.g. Σ5 36.87°/[100](031). Three DOFs describe the mutual misorientations between two adjoining grains, two of which define the rotation axis (two DOFs, e.g. [100]) and one of which defines the rotation angle, e.g. 36.87°.
Methods

Grain boundary model generation
The remaining two DOFs describe the GB plane, e.g. (031). The steps in the algorithm are as follows:
• Starting from the unit cell (primitive or conventional cell) with lattice type of cubic, tetragonal, orthorhombic, hexagonal or rhombohedral, a series of lattice vector transformations is performed to create an unit cell of CSL with the a and b lattice vectors parallel to the input GB plane.
• Two grains are created and rotated relative to each other based on the inputs (rotation axis and angle, expansion times of the CSL unit cell along c direction).
• The two grains are then stacked to form the periodic GB structure. The relative shifts between the two grains along the a, b and c directions can be adjusted.
• Finally, sites that are too close to each other based on a distance tolerance set by the user are merged.
The above algorithm is implemented in the open-source Python Materials
Genomics (pymatgen) materials analysis library [44] , together with methods for finding all sigma values and their corresponding rotation angles for any given input structure and rotation axis. A user-friendly graphical user interface to the algorithm is also available on Materials Project website Crystal Toolkit application (https://materialsproject.org/#apps/xtaltoolkit).
GB property computation
The grain boundary energy (γ GB ) is defined by the following expression:
where E GB and n GB are the total energy and number of atoms of the grain boundary structure, respectively, A GB is the cross-sectional area of the GB, E bulk is the energy per atom of the bulk, and the factor of 2 in the denominator accounts for the two grain boundaries in the GB model. Another GB property of interest is the work of separation W sep , which is a measure of the energy required to cleave the GB into the free surfaces and is correlated to the fracture toughness [48, 49, 50, 51] . W sep is given by the following expression:
where γ surf is the corresponding surface energy for the facet (hkl) formed by cleaving the GB. Previously, some of the current authors have already constructed a comprehensive database of the surface energies of the elements [52] , which are used in this work in the computation of W sep .
DFT computations
All DFT energy calculations were performed using the Vienna Ab initio Simulation Package (VASP) [53] with the projector augmented wave (PAW) [54, 55] method. The exchange-correlation effects were modeled using the Perdew-Berke-Ernzerhof (PBE) [56] Through a series of convergence tests, it was determined that a thickness of at least 25Å along the direction normal to the GB plane is sufficient to minimize periodic interactions between the two grain boundaries, such that γ GB is converged to within 0.02 J m −2 .
Scope of Data
Our database covers a total of 58 elements (see Figure 2) , with 10 GB types for fcc and bcc and one GB type for hcp and double-hcp (dhcp) elements (see Table 1 ), with a total of 327 GB structures. We limit the GB types in this study with the following criteria: 
Benchmarking
A major bottleneck to calculations of GBs is that the large system sizes combined with difficult convergence of atomic positions, especially close to the GB region, render such computations relatively expensive compared to bulk crystal calculations. To accelerate such computations, a fundamental hypothesis explored in this work is that similar crystal structures (e.g., bcc, fcc, or hcp) lead to similar low-energy GB configurations.
To find the most favorable initial configurations of GBs, we applied rigid body translation [38] of two grains to each type of twist GBs by performing a series of static calculations for each translation vector. The translation unit step length along the c direction is in increments of 10% of the lattice parameter of the conventional unit cell. While along the basal directions (a and b), the translation unit step is in increments of 5% -10% of the basal lattice vectors (a and b) of the GB structure. For symmetric tilt GBs, atoms at the interface that are less than 70% of the bulk interatomic distance apart are merged. We find that the most favorable initial configurations are identical for crystals of the same prototype (see Figure S1 and S2).
Based on these results, we have developed a high-throughput workflow for GB calculations using the Atomate software package [44, 57, 58] , as shown in Figure 3 . For each structural prototype (bcc, fcc, hcp and dhcp), we first compute a series of fully-relaxed GB templates for all the GB types investigated in this work (see Table 1 ), using Mo, Cu and Be/La as the templates for bcc, fcc and hcp/dhcp structures, respectively. Initial structures for GB computations of each element M are then created from these GB templates by applying a scaling factor of a M aprototype to the template GB lattice constants for all materials, where a M and a prototype are the bulk lattice parameters of the metal M and prototype element respectively. No scaling is applied for Zn and Cd, which are hcp elements with c/a ratios (1.986 and 1.915, respectively) that deviate substantially from the ideal ratio of 1.633, and their GB structures were generated directly from the bulk structure. A full relaxation is then performed on the scaled GBs. The use of the scaled GB templates significantly reduces the computational resources for the most time-consuming structural relaxation step by a factor of ∼ 3 − 6, with higher speed-ups for GBs with larger number of atoms and GBs that are very different from bulk ( Table 2 : CPU hours for GB relaxation with and without the use of scaled prototype templates. Figure 4 shows the distribution of γ GB for bcc, fcc, and hcp elements.
Grain boundary energies
All values are tabulated in Table S1 and S2 for reference. For bcc elements (Figure 4a ), we can observe a substantial jump in γ GB from alkali/alkaline earth metals to transition metals; the γ GB for alkali and alkaline earth metals are less than 0. Figure 4c shows the γ GB distribution for hcp/dhcp Σ7(0001) grain boundaries. For transition metals, we observe that γ GB peaks at groups VIIB and VIII (Tc, Co, Re, Ru, and Os). All the rare earth and group IIA elements have lower GB energies than the transition metals with the exception of Be, which has a much higher GB energy. The rare earth elements show a gradual increase in γ GB as group number increases. The γ GB distribution across different GB types varies with the crystal type. The two coherent twin boundaries, Σ3(111) for fcc and Σ3(112) for bcc, have the lowest γ GB within the respective crystal prototypes. GBs terminated by the most atomically-dense planes ((111) for fcc and (110) for bcc) have lower γ GB than other planes in general. Consequently, the fcc Σ 7 (111) and bcc Σ3(011) GBs correspond to the second lowest γ GB for fcc and bcc, respectively. This is in agreement with both previous atomistic calculations [37, 39, 59, 32, 33] and experimental results [16, 40, 60, 27] . For example, it has been observed experimentally that the most frequently observed grain boundary for fcc Ni and Al is the Σ3(111) twin boundary, and other GBs terminated with the (111) plane also have a high population [26, 60] .
For bcc metals, our data shows that the Σ3(112) symmetric tilt GB (twin) has the lowest energy, which agrees with experiments performed in bcc W thin films [27] with nanoscale grain sizes and bcc ferritic/interstitial free steel [28, 61] . Figure 5 shows the validation of our computed γ GB with previous DFT calculations [41, 42, 62, 63, 64, 65, 66, 67, 43, 68] , atomistic calculations [69] using machine-learned spectral neighbor analysis potentials (SNAP) [70, 71] and the embedded atom method (EAM) [39, 36, 40] , and experimental data [26, 16, 61, 27] . From Figure 5a and Table S5 we may observe that our computed γ GB are in excellent agreement with previous DFT values, with a R 2 close to unity and a very small standard error of 0.013 J/m 2 . Similarly, we find good agreement between the calculated γ GB for different GBs of Mo and Ni with those computed using the state-of-the-art SNAP models [70, 71] , while the EAM predicted GB energies [36, 39] are substantially underestimated as shown in Figure 5 EAM [36, 39] and SNAP [70, 71] values. (d), (e) and (f) compare our the calculated γ GB of bcc Fe, fcc Al, and fcc Ni with experimentally measured MRD [61, 60] and γ GB [26] .
Figures 5(d) and (e) plot the natural log of the experimentally measured multiples of random distribution (MRD), i.e. the experimental average population of GBs, against the DFT calculated grain boundary energy (γ DF T GB ) for Fe and Al, respectively. We observe a negative correlation between the ln(M RD) and γ GB similar to that reported previously for Ni [26] . 
Work of separation
The thermodynamic threshold energy for GB fracture, or work of separation (W sep ), can be defined as the difference between the surface energy and GB energy as shown in equation (2) . Since the formation of surfaces and GBs both relate to bond breaking and distortion, we expect grain boundary energy γ GB , surface energy γ surf and work of separation W sep to be positively correlated with cohesive energy. This is demonstrated in Figure 6 for bcc Σ3(110), fcc Σ3(111) and hcp Σ7(0001) GBs. The values of W sep for all other GB types are provided in Table S3 and S4. This positive correlation is in agreement with previous bond breaking arguments [34, 35] . In general, the variation in anisotropic surface energies across different surfaces is smaller compared to the GB energy variation across different types of GBs as shown in Figure S3 . As such, we can expect a negative correlation between GB energy and work of separation as shown in Figure S4 . Figure 7 plots the experimentally measured ultimate tensile strength (UTS) [72] against the calculated W sep for the GB with lowest γ GB , i.e., the likely dominant GB type. A general positive relationship is observed between W sep and UTS, as expected. The non-monotonic relationship may be due to the different processing methods (e.g., annealing, heat treatment, cold-worked) that can significantly affect micro-structure, and hence measured UTS. 
Multiple linear regression model for γ GB
Using the extensive set of computed γ GB , we have developed a multiple linear regression (MLR) model for γ GB for each GB type by fitting to the following equation:
where γ GB is the fitted grain boundary energy, E coh is the cohesive energy, γ GB and experimentally measured ultimate tensile strength (UTS) [72] .
0 term in equation (3) accounts for the contribution of broken bonds to γ GB , while the G · a 0 term accounts for the contributions from distorted (stretched, compressed) bonds. Both terms have been scaled by powers of the lattice constant such that the coefficients β 1 and β 2 are dimensionless. Figure 8 shows the fitting results for three GB types (see Figure S5 and S6 for the remaining GB types). In general, the MLR models exhibit good predictive accuracy across all GB types, with R 2 > 0.9. We note that each GB type has different fitted values of the dimensionless coefficients β 1 and β 2 due to different contributions from bond breaking and bond distortion.
We provide an example to show the predictive ability of our linear regression model. In Figure 8 (c), the orange circles are the data points used to build the MLR model, and the green triangles are a "test set" of elemental GBs.
It can be seen that the performance on the "test set" is similar to that of the training set. We show that these results hold for all the GB structures computed in this work, and we believe it will hold for GB structures of larger Σ values for which the model GB structure can contain many more atoms and hence are more expensive to compute. The implication of these results is that a predictive MLR model can potentially be constructed using a smaller set of elements with a range of E coh and G, and use to extrapolate to other elements.
Conclusion
The GBDB is, to the best of our knowledge, the most comprehensive database of DFT computed GB energies and work of separation to date, spanning 10 different of GB types, including both tilt and twist GBs, across 58 types of metals. This GBDB has been rigorously validated with previous computational values as well as experimental observations of the GBCD [60, 15, 16, 24, 27, 61, 39] . The linear regression model provides an inexpensive estimate for the GB energy of elemental metals using cohesive energy and shear modulus. 
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